Medical ultrasound is extensively used for studying flow dynamics in the human body. This is done using both spectral
Here an oscillation transverse to the ultrasound beam is gen-A method for estimation of the velocity vector is presented.
erated, so that a transverse motion yields a change in the received signals. The method uses two ultrasound beams for sampling the in-phase and quadrature component of the lateral field, and a set of samples (in-phase and quadrature in both time and space) are taken for each pulse-echo line. These four samples are then used in an autocorrelation approach that yields both the axial and the lateral velocity, and thus the velocity vector. The method has the advantage that a standard array transducer and a modified digital beamformer, like those used in modern ultrasound scanners, is sufficient to obtain the information needed. The signal processing preceding the beamforming can be. implemented using standard signal processors, and it is robust since the autocorrelation method is used.
Measurements are obtained using a point scatterer and a sponge. 250 pulse-echo lines where measured for each oh ject under investigation making it possible to obtain 22 estimates, when using 20 lines with a 50 9% overlap in the transverse estimator. The movement of the scatterer was created with a translation stage with a controllable step size. The step size used for the measurement was 4 0 p and 250 lines were recorded for angles of 90,75,60, and 50 degrees. The results show a bias in the lateral velocity estimate of -18%. The overall standard deviation averaged over all angles was 29.5%. acquired with a convex array, and the angles between flow direction and the ultrasound beam change over the image. Notice the change of estimated flow direction around the dashed line in both vessels due to the change of angle between the flow and the ultrasound beam. This is one of the main limitations of current ultrasound flow systems, since most vessels are parallel to the skin surface, and therefore it is a problem to Also the flow is often not parallel to the vessel surface, and i t get a sufficiently small angle between the flow and the beam. is therefore difficult, if not impossible, to estimate the correct angle and compensate for it [l] .
Several authors have attempted to remedy this artifact. Fox [2] suggested using two beams to find the transverse component. The system works well for large transducers and investigations close to the transducer, but the variance of the transverse component increases for situations with large depths the ribs. Trahey and co-workers [3] have suggested using and smaller transducers as used in cardiac scanning through speckle tracking in which a small search region in one image is correlated or compared to a subsequent image. This are compared, and the resolution of the velocity estimates can approach has problems in terms of frame rate, since images be low. Newhouse et al. [4] developed a method in which the total bandwidth of the received signal is affected by the transverse velocity. It is, however, often difficult to find this bandwidth due to the inherent noise in the signal.
In this paper we will present experimental results for the tion of the flow vector. This new approach introduces a transapproach described previously [S], which allows the estimaversely oscillating field through receive beamforming. The oscillation in the transverse direction makes it possible to track the movement orthogonal to the beam direction and thereby find the velocity vector in the two-dimensional scan plane.
Traditional velocity estimation
In traditional ultrasound systems for blood velocity estimation a number of consecutive ultrasound pulses are emitted in the same direction in order to track the movement of the blood particles. The pulsed field interacts with the scatterers, and the signal is received by the transducer. The scatterers ity, when the next ultrasound pulse impinges on the scatterwill have moved a distance proportional to the blood velocers, and the received ultrasound signal will be time shifted compared to the first received response. This is demonstrated is shown on the left in the figure and the corresponding RF in Fig. 2 for a single scatterer. The measurement situation signals are displayed on the right for a number of pulse emissions. It can be seen how the scatterer slowly moves away from the transducer. A signal for detecting this movement RF signals. Taking out one sample at a specific depth for each can be measured at the horizontal line superimposed on the line gives a sampled signal with a frequency proportional to the scatterer's velocity. The time shift of the RF signal from pulse to pulse is tr = ~T p r f , 2%
(1)
where v, is the velocity in direction of the ultrasound beam, c is the speed of sound, and Tprf is the time between pulse received signal of [6] emissions. A sinusoidal pulse sampled is this way gives a and 9 is a phase factor accounting for the propagation delay.
where fo is the emitted frequency, i i s the pulse-echo number,
The frequency of the received signal is, thus, proportional to the blood velocity, due to the sinusoidal oscillations in the emitted signal and the sampling of the slow movement of the scatterer past the measurement point. The sampling operation scales the frequency of the emitted signal with a factor of 2v,/c, and the spectrum of the received signal is a replica of the emitted spectrum [6] , where the frequency axis is scaled by 2v,/c. trum of the received real signal is two-sided. This can be
The sign of the velocity cannot be detected since the specremedied by using a one sided spectrum, which is obtained form of the received signal to obtain the in-phase and quadraby either doing a complex demodulation or a Hilbert transture signals and get a one-sided spectrum. The sign of the received frequency and thereby velocity can then be detected.
Transverse velocity estimation
Based on the understanding of the 1D measurement situation, it is now possible to suggest a method for a 2 D measurement system. The feature that makes it possible to estimate the axial velocity is the sinusoidal pulsed field. Introducing an oscillation transverse to the beam direction, thus, makes it possible to detect transverse velocities. An oscillation in the lateral direction must, thus, be created and two parallel channels are needed to create a quadrature signal in the lateral direction.
Acoustic field
We have previously shown [SI through simulations that it is possible to generate two sampling fields, which are displaced files during reception for the two parallel channels and a sinc laterally to each other. This is done using different delay pro- where Z F is the depth of interest, OF is defined in Fig. 3 , and h is the axial wavelength. This delay and apodization setup has been used to beamform the measured data.
To validate the beamforming approach, an image of the field at a certain depth was measured. A ruby point reflector was moved horizontally parallel to the transducer surface in steps of 40 p m at a distance of 38.5 mm from transducer surface. 128 elements of a linear array transducer with a center frequency of 6 MHz was used for measuring the response. The emitted beam was focused at a depth of 38.5 mm and a Hanning apodization was applied on the elements. For each position of the point reflector, 128 RF-lines were recorded (one for each active element). The recorded data were b e mformed off-line for each position of the point reflector, and the 2-D response from one depth was created. The envelope of the beamformed signal was also calculated using a Hilbert transform, and the two responses, RF and envelope, are shown in Fig. 4. ally oscillating acoustic sensitivity at a controlled lateral freThis result shows that it is possible to generate a laterquency. The two fields are displaced one quarter of the lateral oscillation period relative to each other, yielding signals in the two parallel channels which have a quadrature relation. Thereby the spectrum of the transverse signal is one-sided, and the sign of the transverse velocity can be determined. 
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Tracking approach
In order to understand the signals from this acoustic system, a simple model is used to interpret the interaction with a reflector. The result of a single scatterer moving through a 2-D oscillating continuous wave (CW) field is shown in Fig. 5 . A pure lateral (no axial velocity component) movement results in a oscillation controlled by the lateral oscillation of the acoustic field. A pure axial movement (no lateral velocity component) results in a oscillation controlled by the axial oscillation of the acoustic field. An angulated movement results in an oscillating signal that is a product of both the lateral and the axial oscillating signals. A tracking scheme is used to remove the influence of the axial oscillation on the lateral signal.
The effect of the method is demonstrated in presented The performance is slightly degraded compared An approach for estimating the 2-D velocity vector has been to the results obtained by the simulations due to the use of fewer pulse-echo lines and a more focused fields. A bias in the estimate is seen, hut the standard deviation is comparable The measured data for evaluating the method was p e r -to the results obtained in previous simulations. The velocity ated using a very fine grain sponge to obtained a signal with vector can thus be estimated for flow parallel to the transducer speckle characteristics. The transducer W a s angulated and and an improved display of blood velocity can he obtained. moved relative to the sponge. For each position of the sponge, The recorded data are beamformed off-line for each psition 6 Acknowledgement 128 RF-lines were recorded (one for each active element).
of the sponge reflector. The step size for the measurement was 40 pm and 250 lines were recorded for each angle of in-The authors are greatful to Dr. Gregg Trahey's group at Duke terest. The angles used are 90.75, 60, and 50 degrees. University, NC, USA for providing the opportunity to acquire formed W-lines was used for each estimate and using a 50% The project is sponsored by grant EF 632 from the Danoverlap of the data gave 22 estimates for each direction. The ish Academy for Technical Sciences, by grant 9700883 and mean value and the standard deviations were calculated and 9700563 from the Danish Science Foundation, and by B-K are shown in Fig. 6 . The mean value is indicated by the dots Medical N S , Denmark.
Performance of approach
The results obtained are shown in Fig. 6 . Twenty bean-the measured data used in this paper. 
